ABSTRACT: Oxidative stress plays a key role in mechlorethamine (methylbis(2-chloroethyl)amine, HN2) toxicity. The thioredoxin system, consisting of thioredoxin reductase (TrxR), thioredoxin, and NADPH, is important in redox regulation and protection against oxidative stress. HN2 contains two electrophilic side chains that can react with nucleophilic sites in proteins, leading to changes in their structure and function. We report that HN2 inhibits the cytosolic (TrxR1) and mitochondrial (TrxR2) forms of TrxR in A549 lung epithelial cells. TrxR exists as homodimers under native conditions; monomers can be detected by denaturing and reducing SDS-PAGE followed by western blotting. HN2 treatment caused marked decreases in TrxR1 and TrxR2 monomers along with increases in dimers and oligomers under reducing conditions, indicating that HN2 cross-links TrxR. Cross-links were also observed in rat lung after HN2 treatment. Using purified TrxR1, NADPH reduced, but not oxidized, enzyme was inhibited and cross-linked by HN2. LC−MS/MS analysis of TrxR1 demonstrated that HN2 adducted cysteine-and selenocysteine-containing redox centers forming monoadducts, intramolecule and intermolecule cross-links, resulting in enzyme inhibition. HN2 cross-links two dimeric subunits through intermolecular binding to cysteine 59 in one subunit of the dimer and selenocysteine 498 in the other subunit, confirming the close proximity of the N-and C-terminal redox centers of adjacent subunits. Despite cross-linking and inhibition of TrxR activity by HN2, TrxR continued to mediate menadione redox cycling and generated reactive oxygen species. These data suggest that disruption of the thioredoxin system contributes to oxidative stress and tissue injury induced by HN2.
■ INTRODUCTION
The thioredoxin system, which consists of thioredoxin reductase (TrxR), thioredoxin, and NADPH, plays a crucial role in cellular antioxidant defense. 1 Three isoforms of TrxR have been identified in mammalian cells, including cytosolic (TrxR1) and mitochondrial (TrxR2) forms as well as a testisspecific isoform (TrxR3). 2 All mammalian TrxRs are homodimeric flavoproteins that catalyze the reduction of oxidized thioredoxin as well as other redox-active proteins including glutaredoxin 2 and protein disulfide isomerase, small molecules like 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), and hydrogen peroxide (H 2 O 2 ). 1, 2 Thioredoxin itself functions as a disulfide reductase for a variety of enzymes, many of which are important in the control of DNA synthesis, antioxidant defense, signal transduction, and protein folding. 1 Disruption of the thioredoxin system can suppress these processes, presumably via its requirement for enzymes dependent on thioredoxin including methionine sulfoxide reductases, peroxiredoxins, and ribonucleotide reductases. 1, 3, 4 TrxRs also mediate chemical redox cycling, a process by which redox active compounds are enzymatically reduced to radical anions. 5−7 Once formed, these free radicals reduce molecular oxygen to form superoxide anion and regenerate the uncharged parent compound. Superoxide anion rapidly dismutates to H 2 O 2 and, in the presence of redox active metals, forms highly toxic hydroxyl radicals. Thus, in the presence of redox-active chemicals such as paraquat, various quinones, and nitroaromatic compounds, TrxR can generate reactive oxygen species, contributing to drug-induced oxidative stress and toxicity. 5−9 A number of electrophilic compounds have been identified as inhibitors of the thioredoxin system. These include alkylating HN2 waste was disposed of following Rutgers University Environmental Health and Safety guidelines.
Animal Treatments and Tissue Collection. Male Wistar rats (225−250 g) were purchased from Harlan Laboratories (Indianapolis, IN) and maintained in an AALAC-approved animal care facility. Animals were housed in filter top microisolation cages and provided food and water ad libitum. Animals received humane care in compliance with the guidelines outlined in the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health. Rats were treated with PBS (137 mM KCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4) or HN2 (0.125 mg/kg) by intratracheal instillation as previously described. 27 HN2 was prepared immediately before administration in PBS. All animals appeared clinically normal following instillation with HN2. Animals were euthanized by ip injection of Nembutal (250 mg/kg) 1 d after administration of HN2 or PBS control. Lung lobes were perfused with PBS, removed, and stored at −80°C.
Cell Culture and Treatments. Human A549 lung cells were obtained from the American Type Culture Collection (Manassas, VA). Cells were grown in DMEM supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and 100 μg/mL of streptomycin in a humidified atmosphere of 5% CO 2 at 37°C. Solutions of HN2 were prepared fresh immediately before use in serum-free DMEM.
Cell viability was determined using alamarBlue (BioSource International, Camarillo, CA) as previously described. 25 In brief, A549 cells were seeded into 96-well plates (1.2 × 10 4 cells/well). After overnight incubation, the cells were rinsed and incubated in serum-free DMEM in the absence or presence of increasing concentrations of HN2 (0.25−500 μM). AlamarBlue (5%) diluted in serum-free DMEM was added to the cultures 24 h later. AlamarBlue reduction was assessed by fluorescence (excitation and emission wavelengths of 555 and 590 nm, respectively) using a SpectraMax M5 spectrofluorometer (Molecular Devices, Sunnyvale, CA) 4 h later. Viability was expressed as the percentage of dye reduction in the presence of HN2 relative to vehicle control. The concentration of HN2 inhibiting cell viability by 50% was 25.3 μM after 24 h treatment.
For preparation of subcellular fractions, A549 cells (5 × 10 6 ) were cultured overnight in 15 cm dishes. Cells were rinsed and incubated with increasing concentrations of HN2 (1−50 μM) or vehicle control. Twenty-four hours later, cells were washed twice with ice-cold PBS and removed from the dishes with a cell scraper. After centrifugation (800g, 5 min), cell pellets were collected.
Preparation of Cytosol and Mitochondria. Lung and A549 cells were washed with ice-cold 0.9% NaCl and homogenized in Tris buffer (20 mM Tris, 20 mM 3-(N-morpholino)propanesulfonic acid, 1 mM EGTA, 100 mM glucose, pH 7.4) containing protease and phosphatase inhibitors using a Teflon homogenizer. The homogenates were centrifuged at 800g for 10 min at 4°C; supernatants were then centrifuged at 9000g for 20 min to sediment mitochondria. The resulting supernatants, designated as the S9 fractions, contained cytosolic proteins. Pellets from A549 cells were washed twice with homogenization buffer and then sonicated in homogenization buffer to obtain the mitochondrial fractions. Protein concentrations were determined using a BCA protein assay kit (Thermo Scientific) with bovine serum albumin as a standard.
TrxR Enzyme Assays. TrxR enzyme activity was assayed using DTNB as a substrate according to Holmgren and Bjornstedt 28 with minor modifications. Assay mixtures contained 25 μg of cytosolic fractions or 25−100 nM purified TrxR, 1 mM EDTA, 50 mM KCl, 0.2 mg/mL bovine serum albumin, and 0.25 mM NADPH in a final volume of 100 μL in 50 mM potassium phosphate buffer (pH 7.0). The reaction was initiated by the addition of DTNB (2.5 mM), and increases in absorbance at 412 nm were monitored. Background TrxRindependent reduction of DTNB in cytosolic fractions, determined in the presence of aurothiomalate (0.2 mM), was subtracted from each value. TrxR activity was defined as micromoles of thionitrobenzoic acid formed per minute per milligram of protein using a molar extinction coefficient for thionitrobenzoic acid of 13.6 mM −1 min −1 . For studies using purified TrxR enzymes, TrxR was reduced with NADPH (0.25 mM) at room temperature in 50 mM potassium phosphate buffer, pH 7.0, 1 mM EDTA, and 50 mM KCl. After 5 min, HN2 (0.1−1000 μM) or control was added, and the reaction mixture incubated for an additional 30 min. The ability of HN2 to inhibit TrxR activity was then determined using the DTNB assay. For studies on the reversibility of TrxR inhibition, reaction mixtures containing HN2-modified TrxR were purified using Chroma Spin TE-10 columns (Clontech, Mountain View, CA) to remove unreacted HN2. Modified TrxR was then analyzed for enzyme activity using the DTNB assay.
BIAM Labeling of TrxR and Western Blotting. HN2-modified TrxR, purified as described above, was incubated in the dark with 50 μM BIAM (dissolved in 50 mM Tris-HCl buffer at pH 6.5 or 8.5) at 37°C for 30 min. BIAM-labeled protein was denatured in Laemmli sample buffer (Bio-Rad, Hercules, CA) containing 2-mercaptoethanol, analyzed by gel electrophoresis on 10.5−14% polyacrylamide gels (Criterion XT Tris-HCl gels, Bio-Rad), and electroblotted onto nitrocellulose membranes. The extent of BIAM labeling of TrxR was analyzed using HRP-conjugated streptavidin and ECL detection. After BIAM analysis, the blots were stripped, and the membranes reprobed with antibody against TrxR (Santa Cruz) for analysis of total TrxR protein loading. Densitometric analysis of bands on the membranes was performed using a FluorChem Image System (Alpha Innotech, San Leandro, CA).
Analysis of TrxR-HN2 Adducts by LC−MS/MS. NADPHreduced rat TrxR1 (1 μM) was incubated with or without HN2 (200 μM) at room temperature in a final volume of 100 μL in 50 mM potassium phosphate, pH 7.0, 1 mM EDTA, and 50 mM KCl. After 1 h, the incubation mixture was desalted with Chroma Spin TE-10 columns to remove unreacted HN2. Five microliters of the filtered solution was analyzed for TrxR activity using the DTNB assay. Aliquots of filtered solution (20 μL) were then subjected to SDS-PAGE on 10.5−14% gels. After staining with Coomassie blue, bands containing TrxR were cut from the gels, disulfide bonds were reduced with 20 mM DTT for 1 h at 60°C, and unmodified thiol/selenol groups were alkylated with 40 mM iodoacetamide for 30 min in the dark at room temperature. TrxR in the gels was then digested with trypsin (Roche, Indianapolis, IN) as previously described. 25 Subsequently, digested peptides were extracted from the gels with 100 μL of formic acid/water/acetonitrile (5:35:60, v/v/v) and dried in a SpeedVac concentrator. Peptides were reconstituted in 0.1% TFA and analyzed by LC−MS/MS on a Dionex U3000 RSLC nano system (Dionex, Sunnyvale, CA) online with a Thermo LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, San Jose, CA). The peptide mixtures were loaded onto an Acclaim PepMAP 100 nano trap column (5 μm particle, 100 Å pore size, 100 μm × 2 cm, Dionex) and washed for 5 min with solvent A (0.1% formic acid in water) at a flow rate of 10 μL/min. Separation was achieved with an Acclaim PepMAP RSLC nano column (2 μm particle, 100 Å pore size, 75 μm × 15 cm, Dionex) with a 30 min gradient from 2 to 45% of solvent B (0.1% formic acid in acetonitrile) at a flow rate of 300 nL/min. The effluent from the HPLC column was then analyzed by electrospray ionization mass spectrometry. MS spectra were acquired in the Orbitrap with resolution setting at 60 000. MS/MS spectra were acquired in LTQ using a data-dependent acquisition procedure with a cyclic series of a full scan followed by MS/MS scans of the most intense 20 ions with a repeat count of two and the dynamic exclusion duration of 30 s. The MS/MS data were searched via the SEQUEST algorithm against the rat International Protein Index (IPI) database with 10 ppm and 0.8 Da for MS and MS/MS tolerances, respectively. S-Carbamidomethylation at cysteine (+57.021 Da), HN2-induced alkylation at cysteine, lysine, histidine, arginine, and tyrosine (+ 83.073 and +101.084 Da for intrapeptide cross-link and hydroxylated monoadduct, respectively), and oxidation at methionine (+ 15.995 Da) were set as dynamic modifications to identify spectra of adducted peptides. The selection of non-thiol-containing amino acids was based on earlier studies showing that these amino acids were alkylated by HN2 and potential nucleophilic residues for modification by electrophiles. 29, 30 Modifications on selenium-containing peptides were searched manually by distinctive isotope patterns and confirmed by the critical b and y ions in the MS/MS. The MS/MS data from ETD fragmentation were also searched against the rat IPI database using the ZCore algorithm, with similar modification settings as the SEQUEST search. The sequence coverage of TrxR tryptic peptides was between 40 and 60% of total TrxR sequence for individual analysis activated by CID or ETD and 72% in combination of both methods.
Assays for NADPH Oxidation and Redox Cycling Activity by TrxR. Oxidation of NADPH in reaction mixes was determined by measuring decreases in absorbance at 340 nm and quantified using an extinction coefficient of 6.2 mM −1 cm −1 . Reaction mixes consisted of 100 nM TrxR, 0.25 mM NADPH, 1 mM EDTA, 50 mM KCl, and 50 mM potassium phosphate buffer (pH 7.0) in the presence and absence of HN2 (5−200 μM) in a total volume of 100 μL. The same reaction mix without HN2 was used as a control. To analyze the effect of HN2-adducted TrxR on the production of reactive oxygen species, reactions were run in the presence of 100 μM menadione, a quinone known to actively redox cycle with TrxR. 5 Superoxide anion was measured using the superoxide dismutase (SOD)-inhibitable acetylated cytochrome c reduction assay. 31 Reactions were run in a total volume of 100 μL and contained 250 nM TrxR, 300 mM potassium phosphate buffer, pH 7.8, 0.1 mM EDTA, 0.25 mM NADPH, HN2 (5−200 μM) or control, and 100 μM acetylated cytochrome c. Cytochrome c reduction was monitored at room temperature by increases in absorption at 550 nm and quantified using an extinction coefficient of 21.1 mM −1 cm −1 . Reaction mixtures containing 2000 units/mL of SOD were used as controls.
H 2 O 2 was measured using either the Amplex Red assay 7 or by its conversion to hydroxyl radicals in the presence of ferrous ion using the terephthalate assay. 32 For Amplex Red assays, reactions were run in a total volume of 100 μL in 50 mM potassium phosphate buffer, pH 7.8, 0.25 mM NADPH, 1 unit/mL HRP, HN2 (5−200 μM) or control, and 50 μM Amplex Red reagent. Product formation was assessed fluorometrically using excitation and emission wavelengths of 530 and 587 nm, respectively. To measure hydroxyl radicals, the reaction was supplemented with 1 mM terephthalate and Fe 2+ (100 μM)/EDTA (110 μM) complex in place of Amplex Red and HRP. After 30 min incubation at 37°C, the reaction was terminated by the addition of an equal volume of ice-cold methanol. After centrifugation at 20 000 g for 10 min, the supernatant was analyzed for 2-hydroxyterephthalate by reverse-phase HPLC as previously described. 32 Molecular Modeling and Data Analysis. The 3D model of the rat TrxR/HN2 was generated using PyMOL software. 33 The crystal structure of rat TrxR1 with a reduced C-terminal tail was obtained from the Protein Data Bank (PDI ID: 3EAN). 34 TrxR activity, NADPH oxidation, and H 2 O 2 formation were monitored over 30 min, and the initial velocities were analyzed using SoftMax Pro software (Molecular Devices, Sunnyvale, CA). IC 50 values were determined by the nonlinear regression method of curve fitting using Prism 5 software (GraphPad Inc., San Diego, CA). Data were analyzed using the Student's t test. A value of p < 0.05 was considered significant.
■ RESULTS
Effects of HN2 on Thioredoxin Reductase in Lung Epithelial Cells and Rat Lung. In initial experiments, we examined the effects of HN2 on TrxR in A549 lung epithelial cells. HN2 caused a concentration-and time-dependent inhibition of enzyme activity ( Figure 1A ,B). Cytosolic thioredoxin reductase (TrxR1) was more sensitive to HN2 than the mitochondrial enzyme (TrxR2). Maximal inhibition was observed after 24 h; at this time, the IC 50 for inhibition was 2.7 μM for cytosolic TrxR1 and 14.3 μM for mitochondrial TrxR2. Immunoblot analysis of subcellular fractions of control cells on denaturing SDS polyacrylamide gels showed TrxR monomers (M w ≈ 57 kDa); both TrxR1 and TrxR2 had similar mobilities on the gels ( Figure 1C ). Following HN2 treatment, cross-linked TrxR dimers (M w = 114 kDa) and oligomers (M w ≥ 130 kDa) appeared, with a corresponding decrease in TrxR monomers. In addition, doublet TrxR dimers were evidenced at higher HN2 concentrations (HN2 ≥ 20 μM), suggesting that HN2 also cross-linked TrxR and other protiens. Consistent with inhibition of enzyme activity, HN2 was less efficient at cross-linking TrxR2 when compared to TrxR1. Cross-linking of TrxR was concentration-and time-dependent for both the cytosolic and mitochondrial forms of the enzyme ( Figure 1C ,D and data not shown). TrxR cross-linking was observed within 5 min and persisted for at least 24 h. The effects of HN2 on TrxR1 was further assessed in rat lungs following intratracheal instillation of HN2 (0.125 mg/kg, 24 h) or PBS control. Using cytosolic fractions from the tissue, TrxR1 monomers were detected in both HN2-treated and control animals. TrxR1 dimers were only detected in lungs from HN2-treated rats ( Figure 1E ). These data indicate that HN2 cross-linked TrxR1 in vivo.
Effects of HN2 on Purified TrxR1. Mechanisms mediating inhibition of TrxR by HN2 were examined next using purified rat liver TrxR1. Several inhibitors of TrxR have been shown to be dependent on the redox status of the enzyme. 22, 35 The effects of TrxR redox status on enzyme inhibition by HN2 was investigated by preincubating the enzyme with NADPH. As shown in Figure 2A , HN2 had no significant effect on TrxR activity in the absence of NADPH pretreatment. In contrast, a marked inhibition of enzyme activity was observed when TrxR was reduced by NADPH (50 and 250 μM). Reduced TrxR was required at all concentrations of HN2 tested (5−50 μM). These data indicate that inhibition of TrxR by HN2 is dependent on the redox status of TrxR and that reduction of TrxR is required for HN2-induced inactivation. The IC 50 value for inhibition of purified TrxR by HN2 was 5.4 ± 0.22 μM (mean ± SE, n = 3). Inhibition of TrxR by HN2 was found to be irreversible. Thus, TrxR activity could not be recovered even after separating free HN2 in reaction mixtures using Chroma Spin TE-10 columns ( Figure 2C ). The effects of HN2 on human TrxR1 and on a recombinant mutant form of human TrxR1 were also analyzed. Using cytosolic fractions of A549 cells, which contain wild-type human TrxR1, HN2 was found to inhibit enzyme activity (IC 50 = 7.1 ± 0.61 μM); inhibition was similar to the rat enzyme. A human mutant enzyme in which selenocysteine (Sec498) was replaced with cysteine was markedly less sensitive to HN2 (IC 50 = 270 ± 59 μM), suggesting that the selenocysteine-containing C-terminal is key for enzyme inhibition and that it is a potential target for HN2 alkylation.
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Alkylation of the Dithiol and Selenol/Thiol Redox Motifs in TrxR by HN2. Our findings that a mutant TrxR without selenocysteine was less sensitive to HN2 and that HN2 inactivated reduced, but not oxidized, TrxR suggested that HN2 acts by modifying selenocysteine and/or cysteine residues in the enzyme. To investigate this, we used a BIAM labeling technique in which the label selectively reacts with cysteine (pK a ≈ 8.5) and/or selenocysteine (pK a ≈ 5.2) in TrxR in a pH-dependent manner. 13, 21 Whereas at pH 6.5 only −SeH is alkylated by BIAM because of the low pKa (5.2) of selenol on selenocysteine, at pH 8.5, both -SH and -SeH are labeled by BIAM. 13 The labeling efficiency of TrxR by BIAM at pH 6.5 and 8.5 is shown in Figure 3 . At pH 6.5, reduction of TrxR by NADPH caused a significant increase in BIAM labeling without HN2 treatment. With oxidized TrxR (not pretreated with NADPH), HN2 had no effect on BIAM labeling. However, with reduced TrxR (pretreated with NADPH), HN2 readily decreased BIAM labeling. Under these conditions, HN2 induced cross-linking, generating both TrxR dimers and oligomers that labeled only weakly with BIAM. These data indicate that selenocysteine is a target for modification by HN2.
At pH 8.5, HN2 caused a small concentration-dependent decrease in BIAM labeling in oxidized TrxR; this occurred without cross-linking and without a loss in enzyme activity, suggesting that HN2 also binds to a cysteine residue that is not critical for TrxR activity. As shown, HN2 caused a marked increase in the formation of TrxR dimers and oligomers, demonstrating cross-linking of reduced TrxR. This was associated with a decrease in BIAM labeling in TrxR monomers, which was due to a decrease in TrxR monomers. However, total BIAM labeling in monomers, dimers, and oligomers decreased following NADPH reduction of the enzyme. These data provide further support for the idea that HN2 reacts with selenocysteine as well as cysteine residues in the enzyme.
Identification of HN2-Alkylated Residues on TrxR. HN2-alkylation sites on TrxR were investigated by ESI LC− MS/MS analysis of tryptic peptides prepared from the modified enzyme. HN2 contains two chloroethyl groups, each of which can react with nucleophilic sites on proteins. Initial alkylation of TrxR by one HN2 chloroethyl group leads to TrxR-HN2 monoadduct(s), which retain an unreacted chloroethyl group. These monoadducts can then react with nucleophilic sites on the same peptide or on a neighboring peptide, leading to the formation of intrapeptide or interpeptide cross-links, respectively (with a mass increase of 83.07 Da). Monoadducts can also react with a water molecule, leading to the formation of hydroxylated HN2 monoadducts (with a mass increase of 101.08 Da). Additionally, unmodified cysteine or selenocysteine residues on protein will be alkylated by iodoacetamide (addition of carbamidomethyl groups; mass increase of 57.02 Da) that is introduced during the in-gel digestion process to protect free thiol/selenol groups on the protein. Table 1 summarizes the observed modified peptides and their assignments from a database search (selective ion chromatograms [SICs] , isotopic spectra, and tandem mass spectra of adducted peptides are shown in Figure 4 and in Supporting Information Figures S1−S3). Both monoalkylated adducts and intramolecule cross-links were detected in TrxR, predominantly (100 nM) was preincubated without and with increasing concentrations of NADPH at room temperature. After 5 min, HN2 (5, 10, 50 μM) was added to the enzyme reaction mixture. After an additional 30 min, NADPH was added to a final concentration of 250 μM, and TrxR activity was determined by the DTNB assay. Data are expressed as the mean ± SE (n = 3). (B) Effects of increasing concentrations of HN2 on TrxR activity. Rat liver TrxR1 (rTrxR, white circles), human TrxR1 from A549 cells (hTrxR, black circles), or hTrxR1 Sec498Cys mutant enzyme (white triangles) was treated with 250 μM NADPH for 5 min followed by HN2. After 30 min, enzyme activity was assessed. (C) Irreversible inhibition of TrxR1 by HN2. Reduced rat TrxR1 was incubated at room temperature with increasing concentrations of HN2 in the presence of NADPH. After 30 min, TrxR in the reaction mixture was purified using Chroma Spin TE-10 columns to remove unreacted HN2. The remaining TrxR activity was then assessed.
linked to cysteine residues. Figure 4 shows an example of an HN2-modified peptide from a database search and the sequence assignment of this peptide. This adducted peptide was detected in gel bands representing TrxR monomers, dimers, and oligomers but not in the TrxR control ( Figure 4A ). The isotopic spectrum revealed that it is a triply charged ion, indicated by the mass difference of 0. Because standard MS database search engines including SEQUEST and ZCore do not support the observed mass of selenocysteine-containing peptides or two-peptide cross-links, we performed a manual search for these peptides on the basis of the distinct isotope patterns and expected masses of the parent ions with all possible combinations of adducted residues (cysteine, selenocysteine, and lysine). The adducted peptides were further confirmed by critical fragment ions appearing after MS/MS. One selenocysteine-containing intrapeptide and two interpeptide cross-links were identified ( Figure 5 ). The tandem mass spectrum of this ion exhibited a series of normal b ions (b 3 + −b 9 + ) and a series of modified y ions (y 3 + −y 9 + ) with masses that were 84.04 Da higher than those of the corresponding y ions compared to unmodified SGGDILQSGCUG peptide. These results indicate that HN2 adducted in the last three amino acids in the Cterminus (cysteine 497, selenocysteine 498, and glycine 499), suggesting that HN2 was alkylated to cysteine 497 and selenocysteine 498 in TrxR ( Figure 5 Figure 6 shows one of the extracted ion chromatograms at m/z 712.07 and its tandem mass spectrum. Of the fragment ions, y′ 5 + and y′ 6 + were observed with masses 57 Da higher than those of the corresponding y′ ions from unmodified WGLGGTCVNVGCIPK peptide, suggesting that there is a carbamidomethylated cysteine at position 64. Thus, HN2 is modifying cysteine 59 on the N-terminal redox centercontaining peptide. Fragment ion y′ 2 + was also consistent with the normal y′ ion from WGLGGTCVNVGCIPK peptide. Furthermore, b 4 + , b 5 + , and b 6 + ions were consistent with the normal b ions from SGGDILQSGCUG peptide, suggesting that HN2 is modifying one of the last seven residues in the Cterminal of TrxR. Although no direct evidence showing the exact HN2 binding site on the SGGDILQSGCUG peptide was detected, on the basis of its relative reactivity, it is likely that HN2 reacts with selenocysteine 498 on this peptide. These data suggest that HN2 cross-links cysteine 59 in one subunit of TrxR (residues S 488 GGDILQSGCUG 499 ) and selenocysteine 498 in the other subunit of the enzyme (residues W 53 GLGGTCVNVGCIPK 67 ), leading to dimer formation. These results confirm that HN2 directly targets redox centers in TrxR.
Effects of HN2 on Chemical Redox Cycling by TrxR. In addition to reducing thioredoxin, TrxR mediates chemical redox cycling in an NADPH-dependent reaction that generates superoxide anion. 36 Superoxide anion rapidly dismutates into H 2 O 2 and, in the presence of redox active metals, forms highly toxic hydroxyl radicals. We next determined if HN2 altered the ability of TrxR to mediate redox cycling. In these experiments, we used menadione (2-methyl-1,4-napthoquinone) as the Figure 7A,B) . Hydroxyl radical production was inhibited by catalase and DMSO, a hydroxyl radical trap ( Figure 7C and data not shown). Consistent with the requirement for NADPH in the redox cycling reaction, 36 we found an increase in NADPH utilization in enzyme assays ( Figure 7D ).
The mechanisms of TrxR-mediated menadione redox cycling were further characterized using TrxR prealkylated with increasing concentrations of HN2. Using rat purified enzyme and under conditions where HN2 caused a marked inhibition of TrxR activity, menadione continued to redox cycle with TrxR, although at reduced rates at higher concentrations (HN2 ≥ 50 μM) ( Figure 7E ). For example, at 20 μM concentrations, HN2 inhibited disulfide reduction by >90%, whereas menadione redox cycling, as measured by H 2 O 2 formation in Amplex Red assays, was inhibited by approximately 10% (Figures 2B vs 7E) . Human TrxR1 Sec498Cys mutant, which is less active in disulfide reduction and less sensitive to HN2 when compared to rat TrxR1 ( Figure 2B ), also actively mediated menadione redox cycling, generating reactive oxygen species including H 2 O 2 and hydroxyl radicals ( Figure 7E and data not shown). This suggests that selenocysteine in the C-terminal redox center of TrxR is not required for menadione redox cycling. HN2 prealkylation of human enzyme displayed only minimal effects on menadione redox cycling, similar to those observed in the rat enzyme ( Figure 7E ). These data indicate that disulfide reduction and quinone redox cycling by TrxR occur by distinct mechanisms.
■ DISCUSSION
Bifunctional alkylating agents such as HN2 have the capacity to cross-link cellular macromolecules via a sequence that includes aziridinium formation followed by nucleophilic attack ( Figure  8A , mechanism of protein cross-linking). 26 The present studies demonstrate that both TrxR1 and TrxR2 are targets for HN2-forming monoadducts as well as intra-and intermolecular cross-links. This results in irreversible inhibition of TrxR disulfide reductase activity in both human type II lung epithelial cells and highly purified enzyme preparations from rat liver. Intermolecular HN2 adducts can result in the formation of cross-linked TrxR dimers and oligomers by bridging proximal nucleophilic sites on two or multiple subunits or neighboring proteins. LC−MS/MS analysis and pH-dependent iodoacetamide-labeling experiments showed that TrxR inhibition by HN2 involves covalent modification of catalytic residues, both cysteine and selenocysteine, within the N-and C-terminal redox centers of the enzyme. These modifications interfere with the formation of critical dithiol intermediates in the TrxR/ thioredoxin reaction, leading to enzyme inactivation. Previously, we demonstrated that TrxR is a target for CEES, a monofunctional sulfur mustard vesicant. 25 HN2 was found to exhibit significantly greater TrxR inhibitory activity when compared to CEES in intact cells (IC 50 = 2.7 μM vs 1.5 mM). This was correlated with an inhibitory effect on cell viability after vesicant treatment (IC 50 = 25.3 μM and 6 mM for HN2 and CEES, respectively). By contrast, in vitro studies using purified rat TrxR1 showed that HN2 and CEES inhibited TrxR with similar potency (IC 50 = 5.4 and 4.6 μM for HN2 and CEES, respectively). 25 The differential effects on TrxR inhibition between cell culture and purified enzyme suggest that other factors, including bioavailability of the vesicants, may play a role in mediating changes in cell viability and inhibition of purified TrxR. These data indicate that TrxR mediates, at least in part, the actions of HN2. This could be due to increased oxidative stress following HN2 treatment; alternatively, TrxR1 reduction may lead to suppressed DNA synthesis and repair. TrxRs are key enzymes in thiol redox control, a process regulating many cellular functions including resistance to oxidative stress, ribonucleotide reduction, and transcription factor modulation. 1, 2 Our findings that HN2 targets these enzymes may be an important mechanism of HN2-induced oxidative stress and tissue injury. Human cytosolic TrxR1 and mitochondrial TrxR2 are structural homologous selenoproteins with similar catalytic mechanisms. 2 We found that both TrxR1 and TrxR2 are molecular targets for HN2, although they displayed differential sensitivities. Thus, TrxR2 was less sensitive to HN2 than TrxR1 with respect to inhibition of enzyme activity. This is likely due to reduced formation of HN2 adducts, as indicated by reduced formation of dimers/oligomers when compared to TrxR1. These data are consistent with previous studies showing that TrxR1 and TrxR2 display different substrate and inhibitor specificities 37, 38 and suggest that TrxR1 and TrxR2 may have some distinct biochemical features contributing to these differences. This is supported by analysis of TrxR crystal structures, which showed that the positioning of key residues around the redox centers of TrxR2 is different from TrxR1. 39 Moreover, because of the different cellular localization of these isozymes, it is likely that HN2 concentrations are different in cytosolic and mitochondrial compartments, leading to divergent sensitivities.
Using highly purified rat TrxR, we found that HN2 is only effective when the enzyme is reduced by NADPH. This is consistent with other alkylating and nonalkylating TrxR inhibitors including curcumin, quinols, and CEES. 5, 22, 25, 35 Earlier work suggested that NADPH acts by reducing disulfide and selenenylsulfide in TrxR to highly reactive dithiols and selenolthiol in the N-and C-terminal redox centers of the enzyme. This also triggers conformational changes in the redox centers of the enzyme. 19 This is supported by studies on the crystal structures of selenocysteine-containing rat TrxR1 showing that the oxidized enzyme contains a C-terminal selenenylsulfide motif at a site distant from the N-terminal disulfide motif, which is not optimal for substrate binding, and/ or the formation of an electron-transfer complex required for enzyme activity. 34 In the reduced enzyme, the selenocysteine residue turns outward, which is more solvent accessible than the selenenylsulfide redox center in the oxidized enzyme. By triggering conformational changes in the catalytic center of the enzyme, substrate binding and electron transfer during catalysis may be facilitated. Our results indicate that reduced domains in TrxR promote alkylation by HN2 and that cysteine and selenocysteine residues in TrxR are critical for covalent modification by HN2. Mammalian TrxR is a homodimeric flavoprotein with a headto-tail arrangement of its two subunits. Each subunit contains an N-terminal redox-active disulfide and a C-terminal redoxactive selenenylsulfide in their redox domains. In its active dimeric conformation, the N-terminal redox domain of one subunit is situated in proximity to the C-terminal redox domain of the other subunit. Many TrxR inhibitors have been shown to selectively react with catalytic residues within redox centers of TrxR, resulting in enzyme inhibition. 40 As indicated above, preferential alkylation of TrxR on selenocysteine has been established for several inhibitors, including 4-hydroxynonenal, curcumin, arsenic trioxide, and CEES, presumably because of the low pK a of selenol and its location in the solvent accessible C-terminal region of the enzyme. 13, 15, 22, 25, 35 Our findings that HN2 is an efficient inhibitor of wild-type human and purified rat TrxR, which contain selenocysteine, but not human mutant enzyme (Sec498Cys) lacking selenocysteine, is in accord with the idea that selenocysteine is a dominant target for HN2 modification. This is supported by our iodoacetamide binding experiments showing that HN2 is more effective in blocking BIAM binding at pH 6.5 when compared to pH 8.5. We speculate that by modifying the TrxR catalytic sites, HN2 interferes with the transfer of reducing equivalents to TrxR substrates and/or substrate binding to the enzyme and that this leads to enzyme inhibition. Our LC−MS/MS analysis demonstrates that HN2 covalently modifies catalytic centers by (1) forming monoadducts on cysteine 59 and cysteine 64 in the N-terminal redox center, (2) bridging catalytic residues cysteine 59/cysteine 64 and cysteine 497/selenocysteine 498 in the N-and C-terminal redox centers, respectively, and (3) linking two dimeric subunits through intermolecular binding to cysteine 59 in one subunit of the dimer and selenocysteine 498 in the other subunit. These results indicate that HN2 can inactivate TrxR by cross-linking catalytic residues, a process that involves HN2 substituting for a disulfide and/or selenosulfide, which is required for catalytic activity. In contrast to CEES, which selectively modifies the C-terminal redox center of TrxR, 25 HN2 alkylates both N-and C-terminal redox domains in TrxR, which, as indicated, may contribute to the greater potency of this vesicant when compared to CEES. HN2 alkylation is known to cause structural distortions on target molecules, contributing to alterations in their biological activities. 41 For example, molecular modeling studies demonstrated that mechlorethamine treatment caused a high degree of DNA contortion, contributing to inhibition of DNA replication. 41 A 3D model of HN2 bound to TrxR on the basis of the crystal structure of the enzyme and our LC−MS/ MS analysis is shown in Figure 8B ,C. Of note, catalytic residues in both the N-and C-terminal redox centers, including the cysteine 59/cysteine 64 pair and the cysteine 497/selenolcysteine 498 pair, are in close proximity in the unmodified enzyme, suggesting a favorable reaction for an intramolecular cross-link. The crystal structure also revealed that the distance between catalytic residues on the N-(dithiols) and C-terminal (selenothiol) redox centers of adjacent subunits is around 11−17 Ǻ( Figure 8B ), which is greater than the size of an extended HN2 molecule (7.5 Å). 41 This suggests that TrxR dimerization in the presence of HN2 may trigger a localized conformational change that allows the two targets to be in closer proximity. This interferes with substrate binding and blocks disulfide reduction by the enzyme. These results also indicate that bifunctional alkylating agents like HN2 can provide structural information that confirms the crystal structure of TrxR using a solution-based technique.
The preference of alkylation sites on cysteine is consistent with previous studies showing that different nitrogen mustards predominantly react with the thiolate side chain of cysteine residues within proteins. 23, 29, 42, 43 Our BIAM experiments showed that treatment of oxidized TrxR with HN2 blocks iodoacetamide binding at pH 8.5 in a concentration-dependent manner, confirming that noncatalytic cysteine residues are also targets for HN2 modification. This is supported by our LC− MS/MS analysis that showed that HN2 covalently binds to other cysteine residues in TrxR including cysteine 177, 189, 382, and 383. On the basis of the crystal structure of the enzyme, these residues appear to be located in solventaccessible regions, confirming that they can serve as targets for HN2 alkylation. At the present time, the functional significance of these cysteine adducts is not clear. Our findings that treatment of oxidized TrxR with HN2 has no significant effect on enzymatic activity and that no dimers/oligomers formation was detected in our BIAM-labeling experiment suggest that modification of cysteine residues other than those in catalytic centers may not contribute to enzyme inhibition and/or TrxR dimerization.
Of interest was our finding that HN2 can generate TrxR dimers and/or oligomers with purified enzyme, in type II epithelial cells, and in rat lung. In cell lysates isolated from A549 cells, additional higher-molecular-weight TrxR bands also appeared, which likely represent TrxR dimers bound to neighboring proteins. This is consistent with earlier studies showing that bifunctional electrophiles agents including HN2 can alkylate thioredoxin and thioredoxin-redox partners, such as peroxiredoxins and TrxR, forming high molecular cross-links in cells. 23 The mechanism mediating the formation of TrxR oligomers is not clear because we have been unable to detect additional HN2 cross-links between dimers and oligomers in the purified enzyme system. This may be due to methodological limitations of our LC−MS/MS analysis because larger peptides in the oligomers may have low ionization efficiency. Stable noncovalently linked tetrameric forms of TrxR have been observed in preparations of enzyme from human T-cells and rat liver as well as from recombinant expression of rat TrxR1 in Escherichia coli. 44, 45 Studies on different forms of recombinant rat TrxR have shown that tetrameric TrxR is disulfide-or selenenylsulfide-linked and the dimeric and tetrameric forms of the enzyme have only half of the activity per subunit compared to homodimeric TrxR. 45 These observations imply that HN2 may cross-link residues critical in forming disulfide-or selenenylsulfide-linked tetramers, leading to cross-linked oligomers. It is known that the C-terminal redox center of TrxR is located in a conformationally flexible and solventaccessible region of the enzyme, 34 which may allow the formation of an intermolecular cross-link by HN2 between two C-terminal catalytic sites from two adjacent molecules. Thus, it is possible that oligomer formation results from a cross-link between two C-terminal redox centers that are already crosslinked with N-terminal cysteine residues. In addition, structurally accessible cysteine residues in two cross-linked dimers may react with HN2 to form an oligomer. Further studies are needed to characterize more precisely the mechanisms by which HN2 induces TrxR oligomerization.
In addition to functioning as a disulfide reductase, TrxR also has prooxidant activity under certain conditions. The enzyme is known to catalyze the one-electron reduction of selected TrxR inhibitors including quinones, nitroaromatics, and bipyridyl herbicides, leading to generation of superoxide anion and induction of NADPH oxidase activity of TrxR. [5] [6] [7] 12 Previous studies have demonstrated that the N-terminal dithiol motif and flavin binding site of TrxR but not the C-terminal selenothiol motif play important roles in superoxide anion generation by the enzyme. 46 Thus, variants of TrxR with Cys59Ser and/or Cys64Ser mutations display reduced superoxide anion generation and NADPH oxidase activity. Our data indicate that although HN2 is an effective inhibitor for TrxR disulfide reductase activity it only causes a small decrease in menadione redox cycling. This decrease is presumably due to the fact that HN2 can alkylate cysteine 59 and cysteine 64 in the N-terminal redox center of the enzyme. This is in agreement with findings with other inhibitors including auranofin that cause decreases in the formation of superoxide anion and hydroxyl radicals mediated by TrxR. 46 The differential effects of HN2 on disulfide reduction and chemical redox cycling suggest that TrxR mediates these reactions via distinct mechanisms. It is likely that redox cycling occurs on sites on the enzyme in proximity to the flavin that are not modified by HN2. Further studies are needed to identify these sites and to distinguish them from sites mediating disulfide reduction. We reported previously that CEES stimulated TrxRmediated menadione redox cycling. 25 CEES is known to selectively modify the C-terminal selenocysteine motif of TrxR, which is not critical for chemical redox cycling. 25, 46 The distinct effects of HN2 on TrxR-catalyzed chemical redox cycling may be the result of the vesicant also binding to the N-terminal redox motif of TrxR and forming both intra-and intermolecular cross-links in addition to alkylating the C-terminal redox motif of the enzyme.
Inhibition of TrxR has been shown to deplete cells of reduced thioredoxin, a critical disulfide reductase important in DNA synthesis and repair, and in maintaining the integrity of many redox-sensitive signaling molecules and proteins. 1, 4 Moreover, both thioredoxin and TrxR function as antioxidants and can directly scavenge reactive oxygen species. 47, 48 Interfering with these processes can result in disruption of antioxidant balance and initiate oxidative stress. Modification of selenocysteine in the C-terminal redox center of TrxR by different classes of electrophiles has been reported to be required for induction of apoptosis and necrosis. 8, 9, 49 Animal studies have shown that sulfur mustard vesicants induce apoptosis in both lung and skin. 50, 51 Alkylation of TrxR by HN2 and consequent inhibition of enzyme activity in lung epithelial cells may play a role in apoptosis and necrosis, a process that may also contribute to HN2-induced toxicity.
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